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ABSTRACT. Experime nts on pl a te-like specim ens h a ve establi shed th a t ae rosscolumn crac ks form within S2 (columna r ) sa lt-wa ter ice w hen compressed uni ax ia ll y
a lo ng a directi on inclined to the long axi s of th e g ra ins. \ Vin g cracks initi a te from the
acr oss-column crac ks a nd leng th en into a xi a l splits when th e ice is rapidl y deform ed;
co rrespondingly, th e m ac roscopic behavi or changes from ductile to brittle. Th e ac rosscolumn cracking is attributed to gra in-bounda ry sliding, a nd th e splitting to the suppression of crack-tip creep.

INTRODUCTION

PROCEDURE

The nucleati on, propagation and interac tion of cracks are
important processes in the behavi or of ice under compression (Schul so n, 1997). At lower deform a tion rates, cracks nucleate but do not propagate; corre ponding ly, the materia l
ex hibits m acrosco pically ductil e beha\'ior. At higher rates,
th e crac ks grow a nd interact; mac rosco pic fa ults e\'entu a ll y
develop and brittle fa ilure ensues.
Gra i n-bo unda ry sliding has now bcen identified as a n
impo rta nt mec hani sm of crack nucleatio n. Fo ll owing earli er
sugges tio ns by Sinh a (1979, 1984-), rece nt exp eriments a nd
calcul a tions (Picu and others, 1994·; Nickol ayev a nd Schulso n, 1995; Picu a nd Gupta, 1995a, b; Elvin a nd Sunder, 1996;
Weiss a nd oth ers, 1996) p oint rather co nclusively to thi s
mecha ni sm as an effec tive mea ns for concc ntrating stress.
Th e exp erimental ev idence is loca li zed d eco he ion which
preccd es crac k nucleation (Nickolayev a nd Schul son, 1995;
Picu a nd Gupta, 1995 b). Th e dcco hes ion is m anifested as
sub-millimeter sizcd zones o f opacity w.hich a re particul arly
distinc t wh en co lumna r-grained ice is loaded a long a directi on inclin ed to the long ax is of the g ra ins ( Nickolayev a nd
Schul so n, 1995). In tha t ca se, th e sliding nucl eates ac rosscolumn c rac ks which may th en initi ate wing crac ks a lon g
the loading di rec tion. Th a t g rain-bounda r y sliding operates
in ice a t a mbi ent temper atures is not surpri sing, gi\'en its
well-recogni zed occ urrence in hot polyc r ysta lline meta ls
(Zener, 1948).
Th e obse rvations noted above were made specifically on
fres h-wa ter ice. It is ass umed that the conc lusions drawn
appl y a lso to salt-watel- ice, for the qua lita tive aspects of its
deform a ti o n a nd the m echa nisms invoked to expl ain its behav io r a re essen ti all y ide ntical (Smith and Schul son, 1994·;
Schul so n and Nickolayev, 1995; Gratz and Schulson, 1997.
H oweve r, th e grain boundari es in salt-wa ter ice a re so mewha t interdigitated, owing to its brine content. The question
is whe th e r th e interdig ita tion impedes sliding to the point
th a t c rack nucleati on is suppressed. Thi s p aper addresses
thi s iss ue.

A sheet of S 2 sa line ice was unidirectiona ll y g rown in th e
laboratory in th e manner desc ribed by Smith a nd Schulso n
(1994). Th e ice had the sa me cha racteri stics as described
ea rlier: c axes ra ndoml y oriented within the hori zontal
pl ane; salinit y o f 4.3 ± 0.7 p pt; density of 907 ± 3 kg m 3;
porosity of 4· 5%0; ave rage column di a meter of about
8 mm; spac ing of 0.5- 1 mm between platelet-like a rrays of
brine pocket. Pl ate-shaped spec imens (100 mm x 50 mm x
6 mm ) were c ut from the sheet a nd then compressed at a
constant stra i n ra te between sta inless-steel pl a tens using a
servohydra ulic loading fra me housed within a cold room.
Th e tempera ture was - 10 ± 0.2 °C, and the stra in rate was
eith er 1 x 10 1 S 1 or 3 x 10 :l S I. Th e long a xes of the
co lumn a r g ra ins were pa ra llel to the la rges t faces of the specim ens a nd we re inclined a t a bout 45 to the directi on of
loading. Thi s o ri entation was scl ected to max imi ze t he shea r
stress on th e g ra in bounda ri es. Th e ice was obse rved a nd
photograph ed (a t th e lowe r deform ati on rate) while shortel1lng.
Salt-water ice is less tra nsp a rent tha n fresh-water ice,
owing to its p o rosity. To enh a nce the detec ti o n of grainbounda ry d eco hesion, additi o na l obse rvati o ns were made
using thinner specimens (50 mm x 50 mm x 3 mm ). Th ese
specimens we re a lso deform ed a t - lOoC, at 10 <I S I.

RESULTS AND OBSERVATIONS
More tha n a d ozen experim ents were perfo rmed. Th e
results were qu a litati\'ely rep roducibl e a nd m ay be summ arized as foll ows:
(i) The ice was macrosco picall y ductil e a t th e lower rate
a nd brittl e a t the higher ra te. Figure I shows typical
stress- stra i n curves.
(ii ) At th e lowc r strain rate, c racks were detec ted near the
pea k stress. They occ urred in approxim atel y p a rallel

411

Journal rifGlaciology
2

a

1.8
1.6
c..
"

6

1.4
1.2

~
~

g

'"01
~

0 .8
0.6
0.4
0.2
0.002

0.004

0.006

0.008

0.01

Axial Strain

1.8

b

1.6
1.4
"2

~

1.2

~
~

!:!

Vi 0 .8

'..:"

.;:;

0.6
0.4
0.2
0
0

0.002

0.004

0.006

0.008

0.01

Axial Strain

Fig. 1. Stress- strain curvesfor S2 saline ice comjmssed un/axially along a direction at about 45 ° to the long axis rif the
columnar gminsat - 10 °Catstminratesrif(a) 1 x 10 '/s /
and ( b) 3 x 10 3 S '. Th e curves indicate ductile and brittle
behavi01; respectively.
sets. \ Vithin a set, many of the cracks appeared to trave rse
a gra in and to have both initiated and terminated a t the
grain boundaries, running more or less perpendicu lar to
them. Figure 2 shows a n example. Although difficult to
sce owing to the opacity of the ice, thc grain boundari es
in Figure 2 are defin ed by the lines joining the tops a nd
the bottoms of the gra in-sized cracks in a set.
(iii ) At the higher strain rate, cracks fo rmed across th e
grains, as at the lower rate, and th en propagated a long
the direc tion ofload ing, splitting th e sp ecimen. Figure
3 shows a n exampl e. In the case illustrated, two of us
(E.M.S. and S.Q), wh ile standing beside the deformin g
sp ecimen, observed th e split to extend from the tip of a n
across-column crack (which had formed during the
test) a nd to run from the top to the bottom of th e sp ec im en. A pi ece of the ice to the left of th e crack fell off th e
specimen along a grain boundary (Fig. 3, lOp center ).
(iv ) Fewer across-column cracks form ed at the higher strain
rate than at the lower rate. Presuma bly, they were stabilized against propagation at the lower r ate by ex tensive
crack-tip creep.
Both th e across-column cracks and th e ax ial splits arc
almost identical to th e features observed in S2 fresh-water
ice (Nicko layev and Schu lson, 1995). The difference is th at
the cracks within th e fre h-water m a teria l were preced ed
by the clear development of the decohesi\'e zones on the
grain boundaries, easily detectable by the unaided eye.
Owing to the opacity of the saline ice, wc were unabl e to
412

Fig. 2. PllOtograjJ/z showing across-column cracks in a sjJecimen shortened 0.2% at 1 x 10 's I The load was ajJjJlied
in the vertical direction. Note the sets of cracks which ajJjJear
to have traversed a grain and to have initiated and terminated
at the boundaries. Scale: sfJecimen width =50 mm.
discern una mbiguously whether locali zed grain-boundary
decohesion also preceded the across-co lumn cracking in this
materia l. H owever, th e d eform ed boundaries from which
sets of across-colum n cracks eman ated were somewhalmi lkier in a ppearance after the deform ation, a feat ure more evidelll in the thinner specimens. This point a nd the fac t that a
pi ece of a specimen deformed at the higher rate broke free
along th e grain boundary from which a n ac ross-column
crack nucleated sugges t that some grain boundari es tru ly
had lower cohesion a fter the deform ation.

DISCUSSION
Wc again invoke gra in-bo und ary sliding. In so doing, wc
assume that the boundaries ac t like mode-II crac ks. Upon
sliding, they concentrate stress at microstructural impediments, such as ledges or steps. \'\Then the stress there is high
enough, the tensile co mpo nent nucleates cracks which then
tend to run across the co lumns, tra\'ersing the grain (presumably) where the stress is more highl y conce ntrated. A
relatively reg ular array of impediments would then account
[or the more-or-Iess uniformly spaced cracks within the sets.
Th e res istance to across-column crack propagat ion,
K ap , may be estim ated as follows. If it is assumed that the
cracks propagate when the mode-I stress intensity fac tor

Schulson and othen: Across-colullln cra cks and axial sjllits ill compressed saline ice
sliding impediments, T a is the applied shea r stress o n the
g r ain bo undary a nd T b is the intrin sic res ista nce to sliding.
U po n substituting 2l = 3 mm (Fig. 2) a nd Ta = 1.4/2 MPa
(Fi g. 1) and by ass uming that Tb = 0 , we obtain [{ap =
I
55 kPa m2. This va lue compares roughl y with th at deduced
fo r fresh-water ice from the sa me kind of experiment
(35 kPa m~; Nickolayev a nd Schulson, 1995) and is simil a r
I
to the apparent fracture toughnes." of sea ice (25- 80 kPa m 2)
m eas ured at th e sa me sca le but at -2 °C (U rabe and others,
1980). H owever, these va lues are lower th a n those obta ined
in the field on la rger specimens wh ere the apparent fr acture
incr eases with size a nd reaches abo ut 250 kPa m ~ for pl a tes
80 m on edge (Dempsey, 1996).
The reason th e ac ross-column cr acks stop when they
reach the grain bounda ries in the m o re slowly deform ed
ice, but generate out-of-pl a ne extensio ns or wings which
leng the n il1lo splits in th e more rapidly d eformed materi a l,
is p ro ba bly related to the rate of crack-tip stress relaxa tio n.
Th e a rg um ent a nd a nalysis arc given el sewhere (Schul son,
1990). In essence, once th e appli ed stra in rate exceeds a certa in leve l, there is in sufficient time for c rack-ti p creep to r educe the mocle-I stress intensity fac to r of th e ac ross-co lu m n
crack to below its critica l value. vYing c racks then sprout a nd
lengt hen along the direction of loading with increased
appli ed stress, developing in to full ax ia l splits. Fig ure 4
ske tch es the sequence as it applies in the present case. Th e
strain rate at which wing-crac k grow th occ urs ma rks the
du ctile-to-brittle tra nsiti on. For saline ice of th e kind exami ned here, th e transiti on rate at - 10° C has been both calc ul a ted a nd meas ured to be around I x 10 :\ I (Schul so n
a nd N ickolaye,', 1995), in ag ree ment with the behavior appa re nt from th e prese nt tes ts.
Th e resista nce to th e propagation o f th e wing cr ac k,
[{wp, m ay be estim a tcd from Ashby a nd H all am's (1986)
m odel of brilll e co mpressi" e fa ilure. Th e a na lysis incorp orates fri cti onal sliding o f a parent crac k which, in this case,
is th e ac ross-co lumn crac k. Accordingly (Schul son, 1990):

Fil!,. 3. PllOtogra/lh showing an across -column crack and an
(lIial split in a s/Jecime/7 comjJressed al 3 x 10 .> S I The load
was ap/llied in the vertical direction . T he split mnji-om Ihe top
to Ihe bot/om rif Ihe s/Jfcimen alld appears 10 hal'f inilialed
ji-om Ihe a(:ross-colllmn crack. A /liece if the ice Jell riff the
s/mimen along a grain boulldal] ( lop renler). Scale: specimen width = 50 mm.

I

K wI'

for very short o ut-of- boundary ex te nsions reac hes a critica l
value, then fro m Cotlerell a nd Ri ce (1980):

=

ar(1- f.L )( 2a)'i
Z

whe re ar is the fi"ac ture stress, f.L is the ice/ice-friction coefficient, 2a is th e leng th o f th e across-co lum n crac k and Z is a n
ex p e rim enta l consta nt. Upon substituting ar = l.7 MPa
(Fi g. I), f.L = 0.5 Uo nes a nd others, 1991), 2a = 10 mm ( Fi ~.
2) a nd Z = 2 (Se hul so n, 1990) wc obta in K wI' = 35 kPa m2.

where 2l is th e leng th of the boundary segme nt be tween th e
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Fig. 4. Schematic sketches illustrating the deve/o/lment rif all across -column crack (c) and an (uial slllil (e) in colulIZnar ice
unia \ialOI com/Jressed along a direclioll inclined to the long a xis q[ the columnar grains. D olled lines indicate grain boundaries;
dashed lines indicate decohe ion 0 11 one riflhe grain boundaries all across-column crackJorms (c); wing cracks illitiateji"Oln the
across-column (rack (d) and l/zen develo/l ill 10 axial splits (e);
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Again thi s estimate IS similar to th e apparent fracture
toughness of small specimens (Urabe and others, 1980).

CONCLUSIONS
It is thus concluded:
(i) that across-column cracks nucleate in relative ly small
pl ates of S2 saline ice through along-column grall1boundary sliding, just as in fresh-water ice; and
(ii ) that th e across-column cracks initiate wing cracks
which d evelop into ax ial splits when the strain rate is
sufficientl y high to suppress stress relaxation at th e
crack tips.
In oth er words, the interdigitation of the grain boundaries
in S2 saline ice appears not to impede along-column grainboundary sliding to th e point th a t ac ross-column cracking
is suppressed.

ACKNOWLEDGEMENTS
Th e authors would like to acknowledge the anonymou
reviewers [or their helpful comments. Thi s work was supported by U.S. Office of Naval R esearch granL No. NOO0l4-

92:]-1279.
REFERENCES
Ashby, i'vl. F. a nd S. D. Hall am. 1986. The fai lure ofbritlk solids conta ining
small cracks under compress ive stress states. Acla ,\Ielall. illalerialia,
34 (3), +97 510.
Cottercll. B. a ndj. R . Rice. 1980. S li g htl y c UI'\'ed or kinked cracks. 1111. J
Frocl., 16, 155- 169.

D empsey. j. P 1996. Scale effecls onlhe fracture of ice. In Arsenault, R.J. alld 6
olhers, eds. TheJ alwllnes I1 eerlll1allSympasillm. Warrendale. PA ,T'\ [S, 351 362.
Elvin, A. A. and S. Shya m Sunder. 1996. 1\Iicroc rack ing due to grai nboundary sliding in polycrystalline ice under uni axial compress ion.
Acla Melall. AIaterialia, 44 (1),43 56.
Gratz, E.T. and E. M. Schulson. 1997 Brittle fai lure of columna r saline ice
under triaxial compression: the failure surface. J Geaplrys. Res., 102 (B3),
5091- 5107.
j o nes, D. E., F. E. Kennedy a nd E.M. Schu lso n. 1991. The kinet ic fr iction of
sa lin e ice against itself a t low sliding ve loc iti es. Ann. Glacial. , 15, 242 246.
Nickolayev, O. Y. and E. M. Schulson. 1995. Grain-boundary sliding a nd
across-column cracking in columna r ice. Philos. Mag. Lell., 72 (2), 93- 97.
Pic u, R. C. a nd V Gupta. 1995a. Crack nucleation in col umna r ice due ta
elastic a nisotropy a nd grain bou nda ry sliding. Acla Melall. Malerialia,
43 (10),3783 3789.
Picu, R . C. and V Cupta. 1995b. Observations of crack nucleation in columna r ice due to gra in boundary sliding. Acta JIIelall. JlIalerialia, 43 (10),
3791- 3797.
Picu, R. C. , V Cupta a nd H.j. Frost. 1994. C rack nucleati on mec ha nism in
sa line ice. J Gea})lrys. R es. , 99 (86), 11,775- 11,786.
Schulson, E. 1\1. 1990. The brittl e compress ive fracture of ice. Acla Nletal/.
Malerialia, 38 (1 0), 1963- 1976.
Schu lson, E. M. 1997. Th e fai lure of ice under co mpression . JPlrys. Chem.
B ,lOl (32), 6254- 6258.
Schu lson, E. jVL and O. Y. Nickolayev. 1995. Fa ilu re of columna r sa line ice
under biaxial compression: fa ilure envelopes a nd the brittle-ta-ductile
transition. J Geoplrys. Res. , 100 (B11), 22,383- 22,400. (Correction, J
Geoplrys. Res., 101 (B3), 1996, 5659.)
Sinha, "I. K. 1979. Grain boundary slid ing in polycrystalline materials.
Philos. Mag. A, 40 (6), 825 842.
Sinha, :.I. K. 1984. In tercrystalline crack ing, gra in-bounda ry sliding, and
delayed elasticity a t high temperatures. J Maler. Sci., 19 (2), 359- 376.
Smith, T. R. and E. M. Schu lson. 1994. Brittle compressive failure of sa ltwater column ar ice under biax ial load ing. ]. Glacial. , 40 (135). 265- 276.
Urabe, N. , T. I wasaki and A. Yoshita kc. 1980. Fracture toughness of sea ice.
Cold Reg. Sc;' Teclmol., 3 (1), 29- 37.
Weiss, j. , E. M. Schu lson a nd H .j. Frost. 1996. The nucleation of microcracks in ice cubes compressed equa ll y on a ll boundaries. Philos. Mag.
;1 , 73 (51, 1385.
7.(' n('r, C. S. 1948. Fracluring qfmelals. Clcveland, O H, American Socicty of
1\ [ctals.

MS meilJed 26 July 1996 and accepted in revisedJorm 1 February }997

414

